We have developed an accurate and highly sensitive gas-chromatographic/mass-spectrometric procedure for determining di-and polyamines (putrescine, spermidmne, and spermine) in plasma and erythrocytes. Deuteriumlabeled analogs of putrescine, spermidine, and spermine were synthesized for use as internal standards. Trifluoroacetyl derivatives of the polyamines were formed during the procedure and then detected with negative-ion chemical ionization/mass spectrometry in combination with multiple ion monitoring. Limits of sensitivity ranged from 0.25 to 1.0 pmol of analyte injected into the instrument.
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The polyamines putrescine, spermidine, and spermine are distributed in various amounts in all living cells and have been shown to have essential functions in cellular metabolism.
They also have functional roles in cell growth, and their accumulation parallels the cellular proliferation rate (1) . Since the initial report implicating polyamines as possible biological markers for malignancy (2) , there has been a considerable increase in efforts to achieve a more thorough understanding of their role in rapidly growing biological systems (3) . This research has provided the impetus for the development of more sensitive and accurate methods for the determination of polyamines in blood plasma, cerebrospinal fluid, and cell culture media.
Recent review articles have compared the latest analytical methods with respect to sensitivity and applicability for biological samples (4, 5) . The most widely used method involves cation-exchange chromatography with an amino acid analyzer; this minimizes sample preparation and with fluorescent detection is sensitive to the low picomole range per injection.
The most sensitive approach for biological samples involves radioimmunoassay, a method that shows great promise for large-scale screening but unfortunately lacks specificity for the individual polyamines because of the 12.5% cross reactivity of anti-spermine antibodies with spermidine even after purification of the antibodies by affinity chromatography (6, 7).
The application of gas chromatography-mass spectrometry (GC-MS) ' to the measurement of polyamines was first reported by Walle for the quantitation of urinary polyamines (8) 
Materials and Methods

Apparatus
We obtained simultaneous pulsed positiveand negativeion chemical-ionization mass spectra by using a modified Model 3300 quadrupole mass spectrometer (10) equipped with a Model 2300 INCOS data system (Finnigan Corp., Sunnyvale, CA 94086).2 To record the six ions chosen for monitoring, we operated the programmable multiple-ion monitor in the current amplifier mode with a sample time of 100 ms, the filters on 0.05 Hz, and the preamplifier sensitivity at i0. The other settings were adjusted as usual for optimum sensitivity and resolution.
The output of the monitor was recorded on a multipen Rikadenki recorder (Soltec Corp., Sunnyvale, CA 94086).
The Finnigan Model 9500 gas chromatograph was equipped with a glass column (1.5 m X 2mm i.d.) packed with 3% OV-17 on 100/120 mesh Gas Chrom Q(Applied Science Laboratories, Inc., State College, PA 16801). The column was conditioned with normal carrier-gas flow by heating the oven to 100#{176}C for 1 hand increasing the temperature by 2 #{176}C/min up to 280 #{176}C. This final temperature was maintained for 18 h, after which time the column and interface were silylated with Silyl-8 (Pierce Chemical Co., Rockford, IL 61105). The glass jet separator was removed from the GC-MS interface and replaced with a glass capillary flow restrictor so that the gaschromatograph carrier gas (methane) also served as chemical-ionization reagent gas. The interface oven and transfer line were each maintained at 270 #{176}C, and the source was at 130 #{176}C. The gas-chromatograph injector was kept at 260 #{176}C; during an analytical run, the gas-chromatograph oven was held at 120 #{176}C for 1 mm after injection, then programmed to 250 #{176}C at 20 #{176}C/min and held at this final temperature.
Carrier-gas flow was adjusted to give a source pressure of 0.08 kPa (600 mHg (11) . To a flask containing 250mg of platinum oxide, add 4.0 g (0.05 mol) of succinonitrile dissolved in 100 mL of ethyl alcohol-d. Add 5 mL of concentrated D2S04 with cooling, place the flask in a Parr low-pressure hydrogenator, and shake with the contents under deuterium gas at 8.84 kPa (66 mmHg) and room temperature.
Filter the grayish-white precipitate from the reaction mixture and dissolve it in 200 mL of distilled water; remove the catalyst by filtration and apply the filtrate to a Dowex-1 acetate column (1.6 X 30 cm, 8% cross-linked, 50-100 mesh) to remove the sulfuric acid. Apply the eluate together with a 50-mL water wash to a Dowex 50-H column 1.6 X 30cm, 8% cross-linked, 20-50 mesh. Elute labeled putrescine with 150 mL of 6.0 mol/L hydrochloric acid and remove the acid at 60 #{176}C under reduced pressure (40 mmHg). Recrystallize the dihydrochloride salt from ethanol and dry under reduced pressure over phosphorus pentoxide. Our yield was 5.5 g (68.3%).
[2H2]Spermidine.
The procedure for the synthesis of [2H2jspermidine was similar to that used by Israel et al to synthesize analogs of spermine and spermidine (12) . Add freshly distilled acrylonitrile (5.3 g, 0.1 mol) dropwise to 1,4-diaminobutane (8.8 g, 0.1 mol) with stirring in an ice bath. Stir at 5 #{176}C for 20 mm, slowly allow to reach room temperature, heat for 1 hat 40#{176}C and then at 100#{176}C for 2 h. Allow the reaction mixture to cool, then fractionate by vacuum distillation. The lower-boiling-point fraction (10.5 g), 84-99 #{176}C (0.005 mmHg), will contain mainly monocyanoethyl putrescine with a small amount of unreacted putrescine. The remaining fraction (4.0 g) will contain a mixture of mono-and dicyanoethylated product. To a reaction flask containing 250 mg of Pt02 and 50 g of acetic-d3-acid-d add 2.82 g (0.02 mol) of monocyanoethyl putrescine. Shake the mixture at room temperature overnight on a Parr apparatus at an initial pressure of 8.84 kPa deuterium gas. Remove the catalyst by filtration and the aceticd3-acid-d by rotary evaporation under reduced pressure. When the contents of the flask are reduced to a volume of 10 mL, add 100 mL of cold absolute ethanol and prepare the trihydrochloride salt by bubbling anhydrous hydrogen chloride gas through the solution. Collect the white precipitate by filtration and dry over phosphorus pentoxide with reduced pressure. Our yield was 3.5 g (68%).
[2H4]Spermine.
Add freshly distilled acrylonitrile (11.7 g, 0.22 mol) dropwise with stirring to an ice-cooled flask containing 1,4-diaminobutane (8.8 g, 0.1 mol). Allow the solution to warm slowly to room temperature, heat to boiling, and maintain at 100 #{176}C for 3 h. After letting the reaction cool, fractionate by distillation under reduced pressure.
A lowboiling fraction (1.7 g) will be obtained at temperatures below 155 #{176}C (0.055 mmHg). At higher temperatures, the first fraction will contain mainly monocyanoethylated product.
The remaining, material distills with considerable decomposition, yielding 10.5 g of liquid (bp 200#{176}C, 0.001 mmHg). This material, analyzed by gas chromatography with a 10% Apiezon L, 2% KOH column, was found to be 97% pure dicyanoethylputrescine.
Add the dicyanoethylputrescmne (3.9 g, 0.02 mol) to a reaction vessel containing 240 mg of Pt02 and 50 g of aceticd3-acid-d. Catalytic deuteration can be carried out overnight at room temperature and an initial pressure of 8.91 kPa (67 mmHg). After the theoretical amount of deuterium has been taken up, remove the acetic acid by rotary evaporation at room temperature at a pressure of 0.7 mmHg. Dissolve the residue in 100 mL of absolute ethanol and remove the catalyst by filtration. Prepare the tetrahydrochloride salt by bubbling anhydrous hydrogen chloride gas through the solution to produce a white precipitate; collect the precipitate by filtration and dry over phosphorus pentoxide in reduced pressure. Our yield was 4.25 g (71.2%).
[2H6jSpermidine.
This highly enriched analog of spermidine was prepared by syntheses similar to those reported for both [2H5]spermidine (9) we could not completely dissolve the diamine salt, even with a fourfold excess of 3.8 mol/L sodium hydroxide (1.6 mL). Add freshly distilled acrylonitrile (0.120 mL) dropwise and stir the suspension at room temperature for 24 h; then acidify with 6.0 mol/L hydrochloric acid and evaporate to dryness in a rotary evaporator under reduced pressure. Dissolve the solid residue in 20 mL of D20 and combine with 2 mL of deuterium chloride in D20 (200 gIL) and 200 mg of platinum oxide in a lowpressure hydrogenation apparatus. Shake the reaction mixture under 6.96 kPa (52 mmHg) deuterium gas for 36 h. After deuterium uptake ceases, remove the catalyst by filtration and remove the solvents in a rotary evaporator under reduced pressure. Recrystallize the solid residue once from ethanol and dry over phosphorus pentoxide with reduced pressure. Prepare a stock solution of this labeled mixture by dissolving a 100-mg portion of the residue in 10 mL of 0.1 mol/L hydrochloric acid, then dilute 400-fold with distilled water and analyze by "high-performance" liquid chromatography (14) .
Our stock solution of the deuterated mixture was 15, 33, and tubes. We added 0.5 mL of trifluoroacetic (TFA) anhydride, heated the tubes and contents at 100#{176}C for 5 mm, cooled them to room temperature, and removed the excess reagent in a rotary evaporator under reduced pressure. The final residue was redissolved in 0.5 mL of dry ethyl acetate for GC-MS analysis. We injected 2-4 tL of the ethyl acetate solution onto the gas-chromatographic column at 120 #{176}C and programmed the temperature up to 250 #{176}C at 20 #{176}C per minute.
Plasma samples were processed similarly after they had been centrifuged for 15 mm at 100 X g to remove any cellular contamination or debris. A 4.0-mL aliquot of plasma was combined with 100 izL of the working internal standard solution in 16 X 125 mm disposable culture tubes. We mixed the contents of the tubes briefly before adding 2.0 mL of cold trichioroacetic acid (100 g/L) to precipitate the protein. After centrifugation, the supernate was removed and the protein pellet was resuspended in a second 2.0-mL aliquot of cold trichioroacetic acid, mixed vigorously, and centrifuged. The combined supernates then were filtered through the Millipore filter, extracted, hydrolyzed, and derivatized as described for erythrocytes.
The final residue was dissolved in 200 1zL of dry ethyl acetate for GC-MS analysis. 
Mass Spectral Studies
We injected known amounts of the TFA-polyamine derivatives onto the GC-MS instrument and ionized by conventional 70 eV electron impact. The ionization source then was switched to methane chemical ionization, after which we injected identical quantities of the polyamine derivatives and used the data system to record their spectra. The spectra of putrescine obtained by both modes of ionization are shown in Figure 1 .
We were able to simultaneously record positive-and negative-ion chemical ionization/mass spectra for each of the TFA-polyamines (shown in Figure 2 ) and their deuterated analogs (Figure 3) , by pulsing the polarity of the ion source and the focusing-lens potential at 10 kHz, as described previously (10) . This technique provides a direct comparison of the ion currents produced in the positive-and negative-ion mode for identical amounts of sample. The ratios of negative-ion current to positive-ion current (N/P ratio) produced by the same quantities of the derivatized polyamines are given in Table 1 . The N/P ratios varied greatly for the individual polyamines; however, negative-ion chemical ionization always gave the higher sensitivity. In the case of spermine, which exhibited the highest N/P ratio, this increase was over 400-fold.
Selected Ion Monitoring
The most intense ions in the negative-ion spectra of the three polyamines were m/e 260 (putrescine), 413 (spermidmne), and 566 (spermine). We increased the overall sensitivity by using the deuterated internal standards as "carriers" of the unlabeled compounds through the GC-MS system. An injection of 0.5 pmol of TFA-putrescine plus 25 pmol of [2H4lputrescmne-TFA exceeded by more than 2.5-fold the response of 0.5 pmol of the unlabeled compound alone. With a 50-fold excess of deuterated carrier, the contribution of the labeled compound to the signal at m/e 260 for unlabeled TFA-putrescine was insignificant. Increasing the concentration of carrier from 100-to 500-fold the amount of unlabeled compound injected gave no further enhancement in sensitivity, and the contribution of the labeled compound to the ions monitored for the unlabeled compound became excessive.
Precision and Correlation Studies
Because of the complexity of the procedures, it was not feasible to carry out precision and correlation studies on large numbers of samples. By using deuterated analogs as internal standards, we obviated the necessity for any correction for incomplete recovery because the ratio of sample to internal standard will remain constant even with losses in sample handling, preferential adsorption, etc. We evaluated the precision of the assay by analyzing four aliquots of a pooled normal plasma sample; the results are shown in Table 2 . Even at low concentrations, the coefficient of variation was better than 14%.
In addition, we compared the present GC-MS method with "high-pressure" liquid chromatography in which fluorescence detection (o-phthalaldehyde) is used (14) . Blood samples, 20 mL, were collected in heparinized blood-collection tubes from three apparently normal individuals as well as from six cancer patients with clinically diagnosed malignant disease. Each plasma sample was analyzed by GC-MS, and then by liquid Table 3 .
The comparison of the polyamine amounts in normal plasma and in that from cancer patients by both methods are in general agreement. The GC-MS results on the whole tend to be slightly lower, possibly because of small interferences encountered with the less specific o-phthalaldehyde detection in the liquid-chromatographic assay.
Discussion
Negative-Ion Mass Spectra
The procedure we developed for the measurement of polyamines used chemical ionization/mass spectrometry and provided us with an increase in sensitivity over conventional 70 eV electron-impact ionization.
In the electron-impact spectrum the highest fragment of any practical use was at m/e 211 and accounted for only a small fraction of the total ion current resulting from TFA-putrescine; the base peak at m/e 167 carried only about 20 percent of the total ion current. In the methane chemical ionization spectrum, the quasi-molecular ion (M + H) was the base peak and, because there was little other fragmentation, this ion carried virtually all of the ion current. Thus, although there was only a slight increase in the total ionization from a given quantity of compound, the use of chemical ionization when a single ion was to be monitored improved sensitivity by about fourfold.
In the last few years the use of chemical ionization to produce negative ions by ion-molecule reactions and electroncapture processes has received considerable attention (10, 21) . In the normal process in the formation of a reagent gas plasma, the ionization of methane forms are predominantly the reactant ions CH5+ and C2H5+ (22). Additionally, for every reactant ion formed, an electron with near thermal energy is produced. Thus, while the reactant ions protonate the sample molecule, producing positive ions, the sample molecule can also capture the thermal electrons available; the molecular reaction is analogous to the principle behind an electroncapture detector in gas chromatography. Similarly, molecules with a large cross-section for electron capture, such as those containing strongly electron-withdrawing groups as in perfluoro compounds, exhibit the greatest sensitivity.
In the present studies, although the polyamines initially were converted to their TFA derivatives to improve their gas-chromatographic characteristics, we found that these derivatives increased the sensitivity of the negative-ion chemical ionization/mass spectrometer in the assay of the polyamines, especially spermidine and spermine. We expressed the relative sensitivities for negative-and positive-ion formation as N/P ratios, which we calculated from the ratio of negative-ion current divided by positive-ion current at a low sample concentration, thus reflecting the relative limits of detection (an N/P ratio of 2 means that negative ions afforded twice the sensitivity of positive ions). The N/P ratios varied greatly for the individual polyamines, as shown in Table  4 . These ratios were calculated from spectra obtained simultaneously by pulsed positive and negative chemical ionization Figure 2 . The same information, as an approximation, could be gained by first establishing the limit of detectability in the positive mode then switching to negative-ion analysis and observing the difference in detection limits, if any.
As shown in Figure 2 , the TFA derivatives of the polyamines gave rise to negative-ion fragments of high mass, the most intense ion corresponding to (M-HF).
The negative ions of the deuterated internal standards were at m/e 264, 419, and 570, corresponding to the base peaks resulting from the loss of HF from [2H4jputrescine,
[2H6]spermidine, and [2H4]-spermine, respectively (Figure 3) . However, because of partial deuteration, these ions represented 97.5, 55.1, and 48% of the total ion current carried by the corresponding fragments from the unlabeled compounds. This difference became apparent in the preparation of curves to establish the linear range of the instrument. The slope's departure from the theoretical reflects the fact that equal amounts of nondeuterated and deuterated compounds did not give the same ion intensity at the mass fragments chosen for quantitation, which also is clear when comparing the spectra of unlabeled spermidine (Figure 2b ) with that of [2H6]spermidine (Figure 3c ).
Deuterium-Labeled Internal Standards
The deuterium-labeled analogs of the polyamines were chosen as internal standards because their physical and chemical properties are quite similar to the unlabeled compounds, thus exhibiting almost identical behavior in extraction, derivatization, and GC-MS characteristics. There have also been numerous reports of "carrier" effects with labeled analogs of many other compounds (16). The loss of the deuterated "carrier" because of adsorption, decomposition, etc. is identical to that of the unlabeled compounds. However, if the relative concentration of the carrier is large, the small 
Derivatization
Initially, we had hoped that the derivatization step could be eliminated by development of a suitable gas-chromatographic assay for the free amines, thereby minimizing sample-preparation time. Investigation of the column-packing material used by previous workers (17, 18) and other commercially available packings showed that the best compromise between analysis time and peak shape was obtained with 10% Apiezon L, 2% KOH. When temperature programming was used, the peaks were sharp and symmetrical; at lower concentrations, however, the peak shape rapidly deteriorated and we decided to use derivatized polyamines for the final GC-MS analysis. The acetylation reaction with TFA anhydride had been used by the majority of the GC assays reported to date. To assess the usefulness of this derivative, we synthesized several grams each of the individual polyamine-TFA derivatives. Using these standards, weighed out in precise concentrations, we found that the overall efficiency of the procedure described exceeded 98% quantitative derivative formation. These derivatives had excellent gas-chromatographic characteristics, such as good volatility and little tailing. In addition, the increase in molecular weight removed these compounds from the low in/e region, where interference from substances in biological extracts is most frequently found. Another specific advantage for negative-ion folmation was the increased affinity of these fluorinated derivatives for thermal electrons. We have found other derivatives, such as, pentafluoropropronyl and pentafluorobenzoyl compounds, that are even more sensitive to negative-ion analysis (19, 20) ; however, they either lack quantitative derivatization, increase the molecular weight beyond the range of the quadrupole mass spectrometer, or are unamenable to chromatography in a single gas-chromatographic analysis.
The use of negative-ion GC-MS enables quantitative determination of polyamine concentration in plasma with good sensitivity and precision as well as a high degree of specificity. The method correlates well with high-pressure liquid-chromatographic methodology and, although involving more technical difficulties, is free from many of the possible interferences seen with less-specific methods. We feel that the use of negative-ion Ge-MS offers great potential for the measurement of a number of other biogenic amines present in biological samples at extremely low concentrations.
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